As first remarked by Charles Darwin (1877), very young children frequently have difficulty when naming or choosing colors. To investigate the cause of this difficulty, we have tested preschoolers (mean age = 4.1) for hue discrimination and hue memory and compared their results with those of preadolescents (mean age = 9.6) and young adults (mean age = 25.8). The tests were designed to minimize the influence of verbal coding on the results. We find that preschoolers are as good as the two older groups in hue discrimination. However, in visual hue memory, they are significantly poorer. The 3-fold increased errors they make, relative to preadolescents and young adults, may be related to the development of visual hue categories and the integration of verbal and visual processes. However, such errors cannot explain why young children often experience extreme difficulty in color naming.
Introduction
On the 30th of June 1877, Charles wrote to the German botanist Ernst Krause about the difficulty his young children experienced when naming colors (see Fig. 1 ): ''I attended carefully to the mental development of my young children, and with two or as I believe three of them, soon after they had come to the age when they knew the names of all common objects, I was startled by observing that they seemed quite incapable of affixing the right names to the colors in colored engravings, although I tried repeatedly to teach them. I distinctly remember declaring that they were color blind, but this afterwards proved a groundless fear. On communicating this fact to another person he told me that he had observed a nearly similar case. Therefore the difficulty which young children experience either in distinguishing, or more probably in naming colors, seems to deserve further investigation.' ' Darwin's observations about the problems young children have in color naming have been borne out by investigation and form a part of the tradition of developmental psychology [1] . Although large individual differences occur, it is now well established that the minimum age for accurate and stable performance in color naming is between 4 and 7 years [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Johnson [17] , for instance, found correct usage of the four basic color names (i.e. red, yellow, green and blue) in only 38% of 2.6 year olds, 50% of 3 year olds and 56% of 3.3 year olds, but in 71% of 3.6 year olds, 72% of 4 year olds and 79% of 4.3 year olds; with girls performing better than boys. The cause of the difficulty, however, is yet to be found and, as Darwin concluded, deserves further investigation.
Just why should young children display 'Farbendummheit' (color idiocy) [18] , when asked to name or choose colors, while apparently being capable of discriminating, matching and categorizing colors; and while readily recognizing color as a separate domain of experience [19] [20] [21] [22] 16, 23] ?
Bornstein [1] has argued that appropriate color naming may depend on 'the maturation and integration of specific cortical neurological structures' for verbal and visual color processing, which are localized in different areas of the brain. Thus, the difficulty children experience in color naming may lie not in the delayed development of the structures responsible for verbal and visual color processing, which may be fully intact and functioning, but rather in the protracted development The letter is in the hand of his son, Francis, to whom it was dictated, but the signature and letter form is by Charles Darwin himself. Krause translated the letter and appended it to a German version of Darwin's article, 'A biographical sketch of an infant' [2, 47] , which Krause published in the Journal Kosmos in 1877. Bornstein [1] provided a partial translation of Krause's German version of the letter; apparently not being aware of the existence of the original, which is deposited at the Huntington Museum Library in San Marino, CA. We thank the Trustees of the Huntington Museum for allowing us to reproduce it here.
of the structures integrating the two types of functioning. A discrete processing of verbal and visual color information is consistent with findings in patients with verbal-visual disconnection syndrome [24, 25] and with purely verbal aphasia [26] .
Additionally, Davidoff and Mitchell [16] have noted what they consider a further difficulty that young children have in dealing with colors. Children under 4 years of age are distinctly impaired at distinguishing appropriately colored stimuli from inappropriately colored ones; performing better when the stimuli are presented verbally rather than visually. It may be that they 'give a correct judgement purely by verbal association.' ( [27] ; p. 340). This suggests that the retrieval of objectcolor could be difficult for young children because of a particular deficiency or delay in the development of non-verbal as opposed to verbal processing. If so, what aspect of non-verbal processing is retarded in its development in young children? Is it their color (visual) discrimination? This seems, as Darwin speculated, unlikely; for we know that a very high degree of sensory organization is present in young human infants even prior to language acquisition [28, 29] and very young infants are reported to discriminate hues well [20, [30] [31] [32] . Could it be their visual color memory? Or, more specifically, could it be their ability to categorize and store color information, non-verbally, for later retrieval?
Although color space is a continuum, verbal description is restricted to a small number of basic categories, which seems to be universal in man [33] [34] [35] , and which may have correlates in other primate species as well [36] . Table 1 presents a summary of some frequently cited estimates of the wavelength boundaries and centers of the basic color categories (our own estimates are also included, see below). If the development of hue categories in the maturing brain simplifies the coding and remembering of colors, then it might be possible to demonstrate differences in performance between young children, who may have incomplete or unstable categories, and older children and adults, who have stable ones [19] .
Unfortunately, previous investigations of color naming and color identification in young children have often confounded visual and verbal tests of performance [19] . This makes it hard to know the degree to which the child's difficulty in color naming is due to the delayed development of visual processes -whether sensory or cognitive-alone. To overcome this deficiency, we have designed and employed tests of color discrimination and color memory based solely on visual performance. The tests allow us to investigate whether the color naming problem is importantly caused by deficits in visual hue discrimination or short-term memory. We first test the hue discriminability of very young children and compare their performance with that of preadolescents and young adults. This is important because young children can hardly be expected to name or remember colors, or rather differences in colors, that they cannot discriminate. Next, we test the short-term hue memory of young children and compare their performance with that of the older children and adults. Finally we consider, briefly, whether any differences between the hue memory of children and adults is compatible with a delayed development of hue categories in young children. We conclude that the difficulties young children display in color naming cannot be owing to pure visual deficits. 
Methods

Subjects
We tested 113 subjects with normal color vision, as confirmed by routine examination with the Ishihara pseudoisochromatic color plates (1960, 15th complete edition). The subjects were divided into three groups according to age (Table 2 ): preschoolers (3 -6 years, mean age = 4.1), preadolescents (9 -11 years, mean age = 9.6) and young adults (22 -30 years, mean age = 25.8). Male and female subjects were roughly equally represented in each age group: for the young children, there were 22 girls and 32 boys; for the preadolescents, 22 girls and 17 boys; and for the young adults, 11 females and 9 males.
Since testing preschoolers is admittedly difficult, special precautions were undertaken to enhance their cooperation and to overcome their shyness. Prior to the experimental sessions, the experimenter (co-author A.P.) spent 2 days assisting at the kindergartens, from which the preschoolers were drawn, to establish familiarity. That the experimenter was male may explain the discrepancy between the numbers of preschool boys (32) and girls (22) , who volunteered to participate in the experiments. The young boys showed more confidence in the experimenter than the girls, and were less afraid of being tested.
No formal assessment of color naming performance took place. But informal questioning established that even the youngest children (3 years old) were quite capable of naming colors correctly. Their accurate usage was not restricted to the basic color categories, but also to other frequently used color names such as purple and pink.
Apparatus
The color stimuli were presented on a Sony TrinitonColor display (14 in. monitor), which was controlled by a Macintosh IIvx microcomputer equipped with a truecolor-card. The full viewing area of the monitor sub- Differences in the luminance efficiency function for children and for young adults -resulting mainly from the reduced density of the crystalline lens pigment in children -may introduce some error in brightness matches for young children at wavelengths between 400 and 500 nm [37] . For instance, Moskowitz-Cook [38] found that children may be up to one log unit more sensitive at 410 nm than adults. However, such errors should have very little influence on our experiments. For one thing, the shortest dominant wavelength we used was 466 nm, at which the optical density of the lens is very small. For another, small differences in luminance do not seem to have an important effect on color memory [39] ; especially when relatively long retention times (5-15 s), such as were used in our experiments, are employed. For a third, Cook [4] found that children between 2 and 6 years of age can discriminate more accurately between differences in hue than between differences in either brightness or saturation.
Because of the different energy levels of the monitor's three phosphors, the color space had to be divided into five regions according to dominant wavelength, within which the stimulus luminance could be held constant: 466 -480 nm with a luminance of 20 cd m , 508 -540 nm with a luminance of 100 cd m − 2 , 559 -568 nm with a luminance of 110 cd m − 2 and 588 -608 nm with a luminance of 40 cd m − 2 . The maximum variation in luminance within any given region was less than 4% and was confined to the difference between the center and extremes of the region. For the hue discrimination test this did not pose a problem, because the reference hue was always chosen to be in the middle of the region and the variation in the threshold limen for dominant wavelength never extended to the extremes (i.e. it was generally 5 3 nm).
As test stimuli, hues were selected that had dominant wavelengths corresponding to focal or boundary regions of the 'blue', 'green', 'yellow', 'orange' and 'red' hue categories. The focal and boundary regions were determined by color selection experiments, in which the dominant wavelength could be varied between 466 and 608 nm. For blue, the focal center was called 'the bluest blue you can match', the boundary region was defined as 'a color you would not name as either green or blue' (the other hue categories were similarly defined). The selections were made by our young adult subjects and averaged (Table 1 , last row). We feel justified in extending our adult chosen boundary regions to young children because it has been shown that infants define the same boundaries between the basic hues of blue, green, yellow and red as adults do [20] .
Procedure
Each subject was tested for both hue discrimination and hue memory. The tests were designed to be straightforward and entertaining for the young children. This is important because preschoolers often have very short attention spans and are easily distracted. To engage their interest, the experimenter employed stimuli in the shape of familiar icons, such as elephants or cartoon characters (e.g. Mickey Mouse), which were non-color specific. The presentation of the icons occurred within a story-narrative.
Hue discrimination
Hue discrimination was investigated by two separate tests, which differed in difficulty. In Test A, a spatial four-alternative forced-choice paradigm was used. During each trial, four colored icons were presented, each of which subtended a visual angle of approximately 2°a t the subject's viewing distance. The icons were enclosed within a white background, chosen to resemble as closely as possible the CIE 1931 equal energy point (x= y= 0.333). Three of the icons were identical in hue and served to define the standard or reference color (Fig. 2a) . The remaining icon differed in dominant wavelength. The subject's task was to identify the position of the deviant icon, which was randomly varied.
The hue threshold was determined by using a modified PEST-algorithm, in which the confidence interval was set at 95% [40] . The function is shown below:
Here m n is the maximum likelihood estimate of the position of the 75% point on the response curve; n is the nth measurement; x is the independent variable; a and b are the range of x; and r i is + 1 if the observer gives a positive response, otherwise −1. At the start of threshold determination a measurement taken at value a of the range of x will give a negative response and at value b, a positive response.
The approximate shape of the psychometric function (response curve) representing the probability of discriminating each reference hue from 16 of its neighbouring hues (in 2 nm steps) was estimated from extensive method of constant stimuli determinations, obtained in four or more adult observers. Once the approximate shape of the psychometric function was known, the threshold of the reference hue at the 75% correct level in a hue discrimination experiment could then be quickly determined by fitting the psychometric function the background. On subsequent trials, its dominant wavelength progressively changed in very small steps of hue of about 0.2 nm. The subject's task was to correctly identify the position of the color stimuli twice in succession. The procedure was repeated several times for each reference or standard background hue. The order of reference hue testing was random.
Color memory
Color memory is difficult to define and measure, because it is 'involved in every process comparing colors separated by time and space' [41] . It encompasses sensory, short-and long-term memory. We employed two different types of color memory test, both of which involved sequential, short-term comparisons: a selection test and a matching (or adjustment) test. All subjects had to perform the selection test. But the matching test, which directly followed the selection test, was restricted to the preadolescents and the young adults. It was too difficult for the preschoolers.
In the selection test (Fig. 3a) , a test hue was presented to the subject for a very short period of time. After a delay of several seconds, the subject was, then, shown a selection of 16 hues, which differed only in dominant wavelength (between 0 and 9 15 nm) from the test hue.
The 16 comparison hues were randomly chosen from a reference table and their distribution was symmetric about the initial test hue. No duplicate hues were presented; and the reference hue was not necessarily among those presented. The subject's task was to choose which one of the 16 most closely resembled the remembered test hue. This procedure was repeated from three to five times for several different initial test hues (five in preschoolers and preadolescents and six in young adults). More frequent testing was precluded because the very young children were rapidly bored by the repetitive nature of the task, and a point of diminishing returns was very soon reached within three to five repeated trials. Both the initial test hue and the 16 comparison stimuli were presented against a white neutral background.
The additional matching test was performed by the preadolescents and young adults immediately after they had chosen which one of the 16 selection hues most closely resembled the remembered test hue. The test, modeled after one described by Newhall et al. [42] , involved having the subject vary the dominant wavelength of the chosen hue, in order to obtain a more accurately remembered match (Fig. 3b) . The hue was presented alone against the white background; and its dominant wavelength could be increased or decreased continuously (by clicking cursors with a mouse pad), while its luminance and saturation were held constant according to the CIE 1931 standard photopic observer.
to the forced-choice data. The hue discrimination threshold was measured for seven references or standard hues: 470, 490, 510, 520, 530, 560 and 605 nm. An average number of about eight trials was required to determine the threshold for the 470, 490, 560 and 605 nm reference stimuli and about 20 trials for the 510, 520 and 530 nm reference stimuli. All threshold estimates were determined in a single direction, i.e. to shorter wavelengths. The order of reference hue testing was random.
In Test B, a color stimulus, which varied only in dominant wavelength, had to be detected against a fixed, non-varying background color (Fig. 2b) . The test hue could appear in any one of four positions. Its dominant wavelength was initially the same as that of 
Pilot studies
Hue memory
Before testing the young children, we conducted pilot studies in the young adults to determine the optimal parameters for the hue memory selection test. Both the influence of the presentation time of the initial (reference) hue and the retention period were investigated. The results are summarized in Figs. 4 -7. 
Presentation time
First, we chose a presentation time of 2 s and a delay of either 3, 6 or 10 s. The results of varying the delay period are summarized for five different reference hues in Fig. 4 . The ordinate indicates the error in remembering the reference hue in nanometers (i.e. the difference in the dominant wavelength between the reference hue and the selected hue). For the focal green hue (i.e. for a hue chosen to be at the center of the green hue category), which had a dominant wavelength of 530 nm, the results were as expected. That is, with increasing delay, the error in choosing the remembered color increased. But this was not the case for the red hue with a dominant wavelength of 605 nm. Here, there was a definite improvement with longer delay period. Because the experiments were conducted serially (i.e. the short delay periods were presented first), we questioned whether learning effects due to repeated testing were confounding the results.
To find out, we tested a second and third group of subjects five times with a 2 s and a 200 ms presentation time, respectively. For both groups the delay period was 5 s. The average first and last results of the group with a 2 s presentation time are shown in Fig. 5a . Clearly, as indicated by the dotted curve, there is a small improvement in memory with repeated testing for this presentation time.
When the presentation time is reduced to 200 ms, however, the improvement in performance with repeated testing becomes negligible (Fig. 5 b) . Thus, it was decided to chose a presentation time of 200 ms to minimize learning effects.
Retention period
Because small children have a very short attention span, we were restricted to using only short retention times (i.e. delay periods). But, this is advantageous in investigations of visual hue memory. Short retention times avoid confounding verbal processing with visual processing in color recognition. The longer the retention time, the more verbal memory tends to dominate visual memory [43] . Moreover, active verbalization of hue, even during retention times of only 30 s, can actually interfere with visual recognition for colors [44] .
There is little information available about the influence of short retention times on hue memory. Uchikawa and Ikeda [45] reported a nearly linear deterioration in hue memory between retention times of 200 and 500 ms, but they did not investigate longer retention times. In our pilot studies with young adult subjects, we tested two retention periods, 5 and 15 s, for a presentation time of 200 ms. As shown in Fig. 6 , an increased delay of 15 s, compared with one of 5 s, did not significantly reduce their hue memory, except for the reference hue with u d of 520 nm. Therefore, given the short attention span of the children, we chose a delay or retention period of 5 s.
Results
Hue discrimination
In Test A, we used a PEST-algorithm to measure hue discrimination for blue, green and greenish-yellow reference hues. The results are summarized in Fig. 7 . There was no significant difference in hue discrimination between the age-groups for the blue (490 nm) and the greenish-yellow (560 nm) stimuli. However, for the green (520 nm) stimulus both the preschoolers (3-6 years) and the preadolescents (9-11 years) were significantly poorer than the young adults (22-30 years). There was no significant difference between the performance of the two groups of children. As we will explain below, the deviation in hue discrimination for the 520 nm stimulus is probably caused by a limitation of the PEST-algorithm, which makes the experiment more difficult for young children than for adults.
The results for Test B, the search-test, are shown in Fig. 8 . Because of the short attention span of the children it was only possible to present five different test stimuli: a greenish-blue with a u d of 490 nm; three greens with u d 's of 510, 520 and 530 nm; and a greenish-yellow with a u d of 560 nm. The young children performed this task more easily and quicker than Test A. No significant differences between the three groups of subjects were found. and the reference hue. Clearly, there is an improvement in hue memory with age. But the improvement depends upon the hue region being tested. The preschoolers are always poorer than the preadolescents and young adults. However, in some regions the preadolescents are as poor as the young children or as good as the young adults.
For the two test hues chosen to be close to the borders of the blue and yellow hue categories, with u d 's
Hue memory
In the selection hue memory test (Fig. 9) , the subject's task was to choose which one of 16 comparison hues most closely resembled the remembered test hue. The test hue was presented for 2 s and the retention period was 5 s. The results for five different test hues with u d 's of 490, 510 520, 530 and 560 nm (the same as used in the discrimination tests) are shown in Fig. 9 for the three age groups. (The 605 nm reference stimulus was omitted because of time constraints and because learning effects were most conspicuous for it; see of 490 and 560 nm, respectively, the preschoolers are poorer than the preadolescents; and the preadolescents are poorer than the young adults. But for the two green hues, with u d 's of 510 and 520 nm, there is no significant difference between the performance of the young children and preadolescents. Both are poorer than the young adults. For the 530 nm test hue, which is the focal green determined for our young adults, the performance of the preadolescents and young adults is equal. Both are better than the preschoolers. The mean values and levels of significance, as determined by a Mann-Whitney -U-test for the difference between means, are given in the caption to Fig. 9 . The preadolescents and young adults, but not the preschoolers, tend to choose remembered hues that are shifted along specific color directions relative to the test hue (see below).
In the matching (or adjustment) hue memory test, the preadolescents and young adults were required to vary the u d of the hue chosen from the selection hue memory test stimuli (Fig. 3 b) in an attempt to obtain a more accurately remembered match (i.e. to see if the selected hue could be improved upon). The results are shown in Fig. 10 .
No significant difference (t-test) was found between the results for the two types of hue memory tests within either the preadolescents or young adults. That is, neither group improved (or disimproved) significantly upon their original selection in the hue memory selection test when given the chance to make an adjustment in the hue matching test. Nor did they display a tendency to shift the remembered hue in a consistent color direction, when attempting to correct it.
Hue shifting in memory
The preadolescents and young adults, but not the young children, have a tendency to choose remembered hues that are shifted along specific color directions relative to the test hue. The shifts are indicated by the arrows in Fig. 9 . The focal and boundary regions of the major hue categories, as determined by a group of young adults (N = 10) on the same colormonitor, are indicated by circles and thick bars, respectively plotted directly above the abscissa (for the method of determining the hue categories see Section 2.2). The blue hue region is from u d =466 to 489 nm, the green from u d =489 to 560 nm, the yellow from u d = 560 to 575 nm, the orange from u d =575 to 600 nm and the red from u d =600 to 608 nm. Because of the limitations of the phosphors of the monitor, the focal center of the red hue category can only be indicated as the long-wave (i.e. 608 nm) extreme of the monitor gamut (it would actually lie at a longer u d ). Both adults and preadolescents display the same direction of color shifting in memory when choosing the remembered hue in the selection test. For the test hues with u d 's of 490 and 510 nm, the remembered hue tends to be shifted towards the blue focal center. A 2 -test (df = 2) revealed most of the hue shifts as significant (Table 3) . On the other hand, for the test hue with a u d of 520 nm, the remembered hue is shifted towards the green focal center (the shift is significant at the 0.05 level for both groups). There is no significant shifting for the test hues with u d 's of 530 and 560 nm.
Such consistent results are not found in the selection test data of the preschoolers. They tend to shift the test hue with a u d of 490 nm towards the focal blue and the test hue with a u d of 560 nm into the green hue region, but the shifts are not significant. Further, there is no tendency in shifting for the three green hues, with u d 's of 510, 520 and 530 nm, at all. Interestingly, these are the hues for which both simultaneous and successive discrimination were poorest in the adults. the 490 nm stimulus, with better performance being exhibited by the girls. There was no sex dependent difference between the young adults. Thus we have no consistent or strong evidence that the development of visual color memory is sex-related. True, Johnson [17] found for color naming that girls performed better than boys at each age tested. However Mitchell et al. [27] did not. And it should be noted that color naming performance, in general, is much more related to age than to sex [46, 5] .
We also looked for the influence of social standing on hue memory performance. Our young adolescents came from two different primary schools, which represented two regions of different social level in the German town where the testing took place (Freiburg im Breisgau). However, we found no significant difference between the two groups. We note that other investigators have reported that children of parents with higher educational attainment (and social standing) are better at color naming than children of parents with lower [9] . However, these experiments employed verbal testing methods and this may be a confounding influence, if verbal dexterity is linked to social position.
Discussion
We have investigated hue discrimination and hue memory in young children and compared their abilities with those of older children and adults. Specifically, we set out to determine whether the difficulty that young children experience in color naming, as first reported by Darwin [47] , is explained by poor color discrimination, which seemed unlikely, or by large errors in short-term color memory. In designing our experiments we excluded the confounding influence of verbal factors as far as possible; so that only visual processing was tested; and we restricted the differences in the stimuli to those of hue.
Differences in sex and social standing
The results of the hue memory selection test, analyzed according to sex for the three age groups, are given in Table 4 . The preschoolers were further divided into two subgroups: the very young children from 3 -5 years and the 6 year olds. This division was made because 4 or 5 years seems to represent some sort of minimum chronological age for correct and consistent color naming [8, 9, 11, 43, 12, 13, 17] .
For the group of the 3 -5 year old children, as well as for the 6 year old children, there are no significant differences between the results for the boys and the girls. For the 9-11 year old children there is a significant difference (0.454 in the Mann-Whitney -U-test) for f, female; m, male; X ( , mean; * P=0.05; -, insufficient data for statistical analysis. With one exception for the 9 -11 year olds (for a reference hue of 490 nm) there are no significant differences between the sexes.
We find that the hue discrimination of young children (3-6 years old) does not significantly differ from that of preadolescents (9 -11 years old) or young adults (22 -30 years old). However, their short-term hue memory does. The extra difficulty they display, however, is not sex related or related to social standing and is far too small in magnitude to explain the color naming confusion, attributed to them by Darwin and others.
Hue discrimination
Hue discrimination was tested by a four-alternative forced-choice procedure (Test A) and by a simpler search procedure (Test B). In the forced-choice procedure (Test A), only for one of the four reference hues (u d =520 nm) was a significant difference found between the performance of the preschoolers and that of the young adults. This difference in performance was also found between the preadolescents and the young adults.
The difference in performance for the 520 nm reference hue, we think, can be explained by a limitation of the PEST-function used in the forced-choice procedure. The PEST-algorithm is based on a probability function, the transition point of which represents the threshold to be detected. There is an upper limit above which the response is always true (e.g. a difference of 100 nm will always be discriminated, x =b in Eq. (1)) and a lower limit below which the response can only be guesswork (e.g. a difference of less than 0.5 nm cannot be discriminated under our procedures, x =a in Eq. (1)). The upper limiting value P x (u d , Zu d ]b) of the probability function used in the PEST-algorithm is thought to be deterministic. But this is only the case for subjects with a low variance in concentration. A long testing period demotivates young children rapidly. Children start to guess randomly and as a result cause the upper limiting value to exceed the given confidence interval (testing at point b will no longer be positive). The PEST-algorithm, then, tries to find the new threshold which greatly increases the testing time. For threshold determinations where the slope of the expected function is shallow (i.e. at 520 nm, where the hue discrimination is also poorest in the young adults), the difficulty is greater and the procedure takes longer and this may have caused an artefactual worsening of the threshold value in the children. And, indeed, we noticed in Test A, that for all reference hues, the preschoolers started very well and approached in four or five trials the threshold, but thereafter lost interest due to the repetitiousness of the procedure; and rather than performing the task sought positive reinforcement from the experimenter and seemed incapable of holding a constant criterion for responding.
The problems encountered when testing young children with psychophysical methods that work well with adults have been elaborated by Abramov et al. [48] . They point out that methods, which involve many repetitions of the same measurements, such as when the PEST-algorithm was used here to determine the threshold for 520 nm hue, are time-consuming and boring for children. Thus it seems reasonable to conclude that the estimates of sensitivity determined, not only for the young children, but also for the preadolescents (who also performed poorer than the young adults for the hue with a u d of 520 nm), by the PEST-algorithm may be confounded with changes in criterion; and as a result, may have statistically exceeded a reasonable confidence interval. The difficulty experienced by the children with the 520 nm stimulus accords with the finding that the young adults experienced greater difficulty remembering the 520 nm hue when the retention period was increased from 5 to 15 s (i.e. threshold increased by a factor of 1.6). This was not the case for the other test hues (Fig. 6) .
Moreover, the worsening of the performance is not confirmed by the simpler search procedure, Test B: There is no significant difference in hue discrimination performance between the three groups at any of the reference hues. Furthermore, for all three groups, the just noticeable differences (JNDs) are very similar to those measured in the classic wavelength discrimination experiments of Wright and Pitt [49] . Hue discrimination is best in the blue (1.4 nm) and yellow (0.9 nm) hue regions and poorer in the green (1.7-2.1 nm). That the values in our study, in general, for all three groups are slightly higher than those found by Wright and Pitt for young adults can probably be explained by our use of mixture hues rather than spectral wavelengths.
On the other hand, the excellent agreement between the hue discrimination ability of preschoolers, preadolescents and young adults, which we find for all the results other than the reference hue with a u d of 520 nm in Test A, confirms many previous studies [20] . As early as 1908, for instance, Binet and Simon reported that: ''The young child distinguishes, recognizes, and easily matches without the least hesitation the most delicate shades of color, and has nothing to envy in the adult as far as his color sense is concerned; it is the verbalization of his color sense, if we may so express it, in which he is defective'' [3] . Hence, we can safely conclude that the problem that children display in color naming, as observed by Darwin and others, is not owing to poorer color discrimination per se.
Even if we set all these arguments aside and accept that the difference for the reference hue with a u d of 520 nm is owing to delayed development of hue discrimination in children (which is specific for only this hue), the worsening of the hue JND is only 2 nm, on average, for both the children and preadolescents.
The adult like performance of the young children in hue-discrimination is interesting, given the reduced sen-sitivity that similarly aged children show for color detection of equiluminant stimuli of the blue-yellow opponent color pathway and for stimuli that modulate single cone classes [29, 50] . The fact that detection but not hue discrimination is significantly improving with age could point to a slower maturation of peripheral factors (e.g. optics or photoreceptors) as compared with postreceptoral neuronal processes.
Hue memory
For all age groups tested, visual hue memory is poorer than hue discrimination. However, the hue appearance is so well retained in short-term memory that during the 5 s delay period the hue discrimination limen deteriorates by only a few nanometers. This accords with other findings in adults that, over a 5 s retention period, successively measured color discrimination thresholds are only one to two times greater than simultaneously measured ones [41, 45] . The deterioration is unrelated to sex or social standing, but it is related to age. Fig. 9 clearly shows that hue memory significantly improves with age, but that the improvement depends upon the hue region being tested. The dependency can be interpreted in terms of hue shifting and the importance of the development of hue categories in memory. For adults and preadolescents the same pattern is found: they shift the reference hues with u d of 490 and 510 nm, which lie in the blue and green-blue boundary regions, towards the blue focal center, and the reference hue with a u d of 520 nm, which lies in the blue-green boundary region, towards the green focal center (Fig. 9 and Table 3 ). For the reference hue with a u d of 530 nm, which closely approximates the green focal hue, there is no significant shifting.
But what about the preschoolers? The preschoolers tend to shift the remembered hue of some colors, such as reference hue with u d of 490 nm towards the blue focal center, as the preschoolers and young adults do. On the other hand, they tend to shift the reference hue with a u d of 560 nm in the direction of the green region, in contrast with the two older groups, who display no shift tendency. For the green reference hues with u d 's of 510, 520 and 530 nm, they display no consistent shifting in remembered hue at all. However, the magnitude of their errors for the green hues, as well as for the blue and greenish-yellow hues, are larger than those of adults.
Such results are consistent to some extent with previous reports in the literature about the development of color categories. Although the focal color may be fixed early, the color boundaries seem to be only roughly located and to stabilize later [14, 15, 1] . It may be that the color categories develop from their focal centers and are enlarged up to the border of the next category [51] . Thus, young adults and preadolescents with more stable color categories might be expected to display more shifting in remembered hue towards the focal colors; and the amount of shifting should be greater for hues lying near the boundaries of hue categories than for those lying near focal centers. And we find that there is a general tendency for this to be so. In addition, during early stages of development, there may be multiple prefocal centers; only a few of which survive during maturation. With increasing age, performance should get better, but will probably be more strongly influenced by hue shifts towards the remaining focal centers.
Speculation aside, what is clear is that the magnitude of the errors young children make in hue memory cannot explain the observations of Darwin about the difficulties his own children experienced when naming colors. In particular, their errors in visual hue memory are only two to three times greater than those of adults and occur within the appropriate hue category, and not between hue categories. Therefore, we conclude that the very large errors that small children are frequently reported to make in color naming and recalling cannot be mainly due to the lack or incomplete development of short-term visual color memory. Nor can they be due to any gross shortcomings or lack of development of color discrimination. Instead, we can only argue, along with Bornstein [1] , that such errors may reflect the delayed maturation of the processes integrating visual and verbal functions and/or longer term memory, which may be dependent upon the development of the hue categories. However, given that most of the young children tested did not display, upon informal questioning, any conspicuous color naming problems, it seems unlikely that they have large deficits in either verbal or visual hue categorisation. It remains open whether the processes integrating verbal and visual function are delayed in maturation. The questions of how and at what age these integrating processes develop is surely worthy of closer inspection; and this takes us back to Darwin and his observation that: ''the difficulty which young children experience either in distinguishing, or more probably in naming colors, seems to deserve further investigation.''
